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Speciﬁc absorption rateDue to the increasing interest in millimeter waves (MMW) applications in medicine and telecommunica-
tions, the investigation of their potential biological effects is of utmost importance. Here we report results of
the study of interaction between low-intensity radiation at 53.37 GHz and giant vesicles. Direct optical
observations of vesicles subjected to irradiation enabled the monitoring in real time of the response of
vesicles. Physical changes of vesicles, i.e. elongation, induced diffusion of ﬂuorescent dye di-8-ANEPPS, and
increased attractions between vesicles are demonstrated. These effects are reversible and occur only during
irradiation with a “switch on” of the effect requiring a short time. Since the average temperature change was
very small the effects could not be attributed to thermal mechanisms. We assume that the interaction of
MMW with lipid membrane leads to changes at the membrane–water interface, where charged and dipolar
residues are located.
Published by Elsevier B.V.1. IntroductionThe millimeter waves (MMW) region of the electromagnetic
spectrum, extending from 30 to 300 GHz, is ofﬁcially used in non-
invasive complementary medicine in many Eastern European coun-
tries against a variety of diseases such as pain therapy, cardiovascular
disease, and traumatism [1–4]. On the other hand, besides technolo-
gical applications in trafﬁc and military systems, in the near future
MMW will also ﬁnd applications in high resolution and high-speed
wireless communication technology [5–6]. This has led to restoring
interest in research on MMW induced biological effects for both
healthcare applications and hazard evaluation.
MMWhave been reported to produce a variety of biological effects:
on the membrane process, ion channels, molecular complexes,
excitable and other structures, many of which are quite unexpected
from a radiation penetrating less than 1 mm into biological tissues
[1,7–8]. However, the interpretation of these biological effects is a
matter of controversy, especially regarding whether low-intensity
MMW exposure (1–10 mW/cm2) can produce biological effects via a
non thermal mechanism [9–12]. According to reports, MMWradiation
increased or decreased the growth of E. coli and yeast depending on
different frequencies [13,14], Fröhlich proposed the existence of39 6 49934257.
m.cnr.it
B.V.coherent electric vibrations in biological systems (coherent oscilla-
tions of a section of membrane, proteins, or DNA) [15]. He suggested
that low power MMW can trigger the excitation of the coherent
oscillation provided if the biological system is in an active metabolic
state. Even if Fröhlich's theory has never been conﬁrmed experimen-
tally in reproducible studies, his work suggest that supplying such
energy bymeans of millimeter waves at a speciﬁc frequency could be a
way to regulate the growth of biological entities. As the power
densities used in the above cited reports were low (b10 mW/cm2),
the effects on growth rate were considered as non thermal ones by the
reporters. On the other hand, some researches that attempted to
reproduce these non thermal experiments have reported no effects
[16–17] or similar results at higher frequencies [18]. The reasons for
these controversial reports could reside in the difference between the
biological species, experimental procedures, the uncertainty of
biological meaningful exposure metrics, and the difﬁculties in
rigorously performing the required controls.
The complexity of the issue has induced several groups to use very
simple biological systems, so that physical and biochemical processes
may be isolated and analyzed in molecular terms, to improve the
understanding of how MMW can induce these biological effects.
In particular, effects of MMW exposure in the frequency range of
53–78 GHz on capacitance and conductance of lipid bilayer(s) have
been reported [19]. Further, in a previous paper we have reported an
increase of the membrane permeability in liposomes loaded with
carbonic anhydrase induced by irradiation at 130 GHz [20].
Fig. 1. Block diagram of the experimental set-up used for the exposure of GUVs to
53.57 GHz radiation, including the horn antenna, the IR camera, and the exposure
chamber. Dimensions: D= 34 mm; R= 8 cm; L= 30 cm. In this ﬁgure is also shown
that the sample was exposed from the top.
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in principle, interactions between the electrophysiological mecha-
nisms at the cell membrane and electromagnetic ﬁelds might be
possible [21]. Further, a huge number of cellular studies have indicated
that MMW may alter structural and functional properties of
membranes that trigger cellular responses [1,7,8,22–25].
In this paper we studied the effects of low-intensity millimeter
waves at 53.37 GHz, considered as a “therapeutic” frequency [2–4] on
membranemodel systems. For this purpose giant vesicles appear to be
a convenient system for studying the membrane behavior. The giantFig. 2. CADmodel of Chamber 2 formed of polystyrene four-dishes. (A) Front view, dimensio
and e=15 mm, each dish is identiﬁed by own number; (C) grid mesh front view; (D) gridvesicles have a size in the micrometer range, i.e. are of cell-size, and
could reﬂect the membrane properties and behavior that occur in the
cell membrane. They are easily visible under an optical microscope
and thus allow for direct observation of membrane interactions [26].
Membrane responses to external perturbation (e.g., inserting mole-
cules, electric ﬁelds) can be, therefore, directly viewed under the
microscope. For example, morphological transitions of giant vesicles
induced by alternating electric ﬁelds have been reported [27]. These
effects were dependent on the ﬁeld frequency and/or conductivities
of the aqueous solution inside and outside the vesicles.
In the present work we report a real time evaluation of effects
induced by a low intensity of 53.37 GHz on giant vesicles. The
response of vesicles to irradiation is considered in terms of vesicle
stationary deformation in pure water, with the aim of preventing
conductivities inﬂuences on the vesicle shape. Fluorescence analyses
are also reported.
2. Materials and methods
L-α-phosphatidylcholine (egg yolk PC) was purchased from Sigma
(St. Louis, MO, USA). Anhydrous, pro-analysis (p.a.) glucose and
sucrose (Fluka BioChimica, Switzerland) were used without further
puriﬁcation. Di-8-ANEPPS was obtained from Molecular Probes
(Eugene, OR). Pure distilled water was purchased from Carlo Erba
Reagents (Milan, Italy).
2.1. Giant vesicles preparation
Giant vesicles were prepared from egg yolk PC using the
electroformation method [28]. Brieﬂy, phospholipids were dissolved
in chloroform:methanol (9:1 v/v) at a concentration of 0.5 mg ml−1.
Approximately 2 μl of this solution was carefully deposited with a
Hamilton syringe on two different areas of each two platinum wiresn of a=5.659 mm and b= 11.5 mm; (B) top view, dimension of c=65 mm, d=27 mm,
mesh top view.
Fig. 3. Comparison of egg-PC giant vesicles formed using electroformation method on
platinum wires (A) and on ITO glass (B). (A) Light micrograph (phase contrast, Nikon
camera) shows several giant vesicles appearing after 2 h electroswelling. (B) Light
micrograph (phase contrast, F-View II camera) shows the layer of vesicles on the ITO
glass appearing after 1 h of electroswelling.
Fig. 4. Temperature dynamics recorded for irradiated and sham samples. All the curves
were recorded by using a thermocouple placed at ∼1.3 mm below the upper surface of
the liquid into the exposure chamber at the following positions: (1, 2) nearby the two
parallel wires and (3) between the wires. In the case of sham sample (no irradiation)
the probe was placed in position (3). The depth of the vesicle suspension was 5.6 mm
relative to a volume of 1 ml.
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ﬁlms were then dried by ﬁrst blowing a stream of nitrogen over the
wires for about 1 min, followed by storage under vacuum (∼8 Mbar)
overnight in a desiccator. The chamber was then put on the stage of an
inverted microscope (OLYMPUS IX70), and the platinum wires
connected to the frequency generator (model AFG3022, TEKTRONIK).
1 ml of distilled water was added into the chamber. An alternating
current (AC) electrical ﬁeld, 10 Hz, gradually increased to 2 V (peak-
to-peak) in 0.5 V steps every 5 min, was applied between the two
electrodes. The formation of giant vesicles was then observed by light
microscopy, and after approximately 2 h, some vesicles had reached a
size of 50–90 μm in diameter.
On several occasions, the vesicles were electroformed from lipid
ﬁlms spin-coated on a 45mm×45mmglass slide coveredwith indium
tin oxide (ITO) [29]. In this case, egg yolk PC was dissolved in
chloroform:acetonitrile (95:5 v/v), at a concentration of 3.75mgml−1.
Approximately 0.25ml of this solutionwas deposited on the conductive
face of the ITO glass, and spin-coated at 600 rpm for 5 min. The lipid
ﬁlmswere thendriedunder vacuum(∼8Mbar) for 2 h to remove traces
of solvent. The preparation chamber was made from two pieces of ITO
glass, with their conductive faces facing each other, separated by a
1.6 mm thick rectangular frame of poly-dimethylsiloxane (PDMS), the
whole held together with small binder clips. Distilled water or 0.2 Msucrose solution was injected through a hole in the PDMS spacer, and
10 Hz 1.1 V (peak-to-peak) was immediately applied between the two
ITO glasses. The formation of giant vesicles was then observed by
light microscope. After approximately 1.5–2 h, vesicles whose size
was N30 μm indiameterwere formed. The giant vesicleswere detached
from the ITO glass by the application of an AC electric ﬁeld of 3 V (peak-
to-peak), 4 Hz for 10 min. The vesicles swollen in 0.2 M sucrose
solutions were recovered, by gentle suction with a syringe, and
transferred to the wells of polystyrene four-dishes (NUNC Brand
Products, Denmark) in a medium containing 0.2 M glucose solution.
The sugar solutions inside and outside the vesicles were isotonic to
prevent the vesicles from collapsing due to the osmotic difference
across the membrane. Further the sugar asymmetrymakes the vesicles
heavier and thus easier to locate at the bottom of the observation
chamber.
All steps of the vesicle preparations and exposures were performed
at 23 °C; this temperature is above the main phase transition one of
egg-PC, so that the phospholipids were in their liquid crystalline state.
2.2. Optical microscopy analysis
The vesicles were observed using the same inverted microscope
(OLYMPUS IX70) in phase contrast or ﬂuorescence detection modes;
the objective lenses used were 20× and 40×. To improve the system
stability during growth and analysis, the microscope was placed on a
Newport air-controlled vibration control system. The collection was
performed at different focal planes following the most interesting
features of the area under analysis. The microscope was equipped
with an optical condenser, a standard optical camera (Nikon) or a
high-speed camera capable of 1 ms frame rates (F-View II—Soft
Imaging System GmbH, Germany). The images were acquired using
the analysis control software and are presented as collected: no image
processing was applied.
Fluorescence images were obtained after incubation of vesicle
suspensions with di-8-ANEPPS (1.4 or 4.2 μM). 5 μl of an ethanolic dye
solution was added to 1 ml of aqueous solution containing vesicles.
The ﬁnal solutions thus contained a small and constant percentage of
0.5% ethanol. After addition of the dye, the solutions were left for 1 h
to allow for dye dissociation and insertion into the lipid membrane
[30]. The effect of the small volume of ethanol added to the stability of
vesicles was checked in separate experiments, and it was found to be
negligible.
2.3. Millimeter waves exposure system
We conducted our experiments at 53.37 GHz by using a conical
horn antenna (IMG-53.37, Micro Med Tech, Russia) with 34 mm
Fig. 5. Temperature dynamics recorded in a sample subjected to time-interrupted regime
of exposure positioning the thermocouple in the most superﬁcial layer of the aqueous
solution containing the vesicles. The tip was positioned in position 3 as indicated in Fig. 4.
The point at which the irradiation was turned on is marked with arrows.
Fig. 6. Surface temperature dynamics recorded using an infrared camera. Temperature
measurements were taken every 0.02 s on the surface of the sample (A) during 5 min of
irradiation (B), uncertainty±0.2 °C.
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exposures were carried out directly under the microscope in two
different chambers, described later, placed on its stage. In both cases
the distance (R) of the centre of the chamber from the horn antenna
was 8 cm and the incidence angle was 45° (Fig. 1). It is worth noticing
that, in this situation, an upward irradiation is applied on the samples,
which enhances the efﬁciency of the exposure due to the reduction of
the multiple reﬂections between the chamber and the horn antenna
and to the reduction of the ﬁeld disturbance due to the wave
reﬂections from the workbench [31].
As 53.37 GHz has a free space wavelength (λ0) of 5.6 mm, the above
cited distance R was less than the minimum distance (Rff) required for
the far ﬁeld condition to hold, that is Rff=41 cm, where Rff=2D2/λ0.
However, our conditions of RND and RNλ0 are generally accepted as
deﬁning the far ﬁeld, thus locally, and for our purposes, thewavemay be
considered as being a plane wave [32]. This assumption was also
conﬁrmed by the measurements of the electric ﬁeld. The electric ﬁeld
intensity wasmeasured on the exposure chamber, in the absence of the
aqueous solution, by using a Wandel and Goltermann EMR-300 meter
connected to aWandel and Goltermann type 11.2 isotropic electric ﬁeld
probe. The incident electric ﬁeld on the exposure chamber was about
20 V/m with a coefﬁcient of variation of 10%. As a consequence, the
equivalent plane wave power density was 0.1 MW/cm2 in compliance
with the international guidelines, which sets the limits of the power
density level for the general and working population around 1 and
5 MW/cm2, respectively [33].
2.4. Experimental procedures
For the exposures the following chambers were used: Chamber 1,
equipped with two parallel platinumwires, the same one inwhich the
vesicles were electroformed, and Chamber 2, formed of four separate
dishes that were devoid of any conductive materials (Fig. 2B). In the
latter case each dish was ﬁlled with 1 ml of the aqueous solution
containing the giant vesicles and processed separately. The vesicle
suspension (1 ml) was subjected to either 53.37 GHz radiation or
sham exposure, i.e. when the 53.57 GHz radiation was turned off. The
irradiationwas intermittently turned on and off at the times indicated
in the Results and discussion section.
The overall experimental set-up was located in a temperature-
controlled room (≈23 °C), which is governed by the exposure
temperature. In a ﬁrst attempt, temperature measurements were
carried out using a four-channel analog device electronic thermo-
meter equipped with two Flexible Implantable Probes (Physitemp
Instruments, Inc. Type IT-18) of 0.064 mm in diameter, lead length
1 m, time constant of 0.1 s, and resolution of 0.01 °C. The probe tip ofthermocouple was placed into the exposure Chamber 1 in the three
following positions: ∼1.3 mm below the upper surface of liquid
nearby each parallel wire and between the two wires.
In a second attempt, the surface-heating pattern was recorded
with an infrared thermo camera (A40M IR Thermo Vision, Flir System,
North Billerica, Boston, USA) placed 30 cm far away from the exposure
chamber. Temperature measurements were recorded every 0.02 s in
order to reveal any rapid thermally transient events. The variation and
distribution of temperature on the surface of the aqueous solution
were measured with an uncertainty of 2%.
2.5. Numerical dosimetry
The exposure Chamber 2 was simulated (Fig. 2A, B) and used to
numerically calculate the absorbed power distribution inside the
aqueous sample by using a commercial code (CST-MWS2008 from
GmbH, Lautenschlagertstr. 38, D-64289 Darmstadt) based on the
Finite Integration Technique (FIT) running on a typical laptop (2 GB
RAM); more details on the CAD tool are reported elsewhere [34]. The
local electric ﬁeld amplitude (peak value) and the local speciﬁc
absorption rate (SAR) were calculated for each node of the grid
considering the incident electric ﬁeld (Ei) of 20 V/m. The local speciﬁc
absorption rate (SAR), that is the ratio between the absorbed power
(Pa) and the mass (m) of the sample, is
SAR =
Pa
m
=
1
2
σ
ρ
jE j2
where σ is the medium effective conductivity and ρ is the me-
dium effective density. We assume that at 53.37 GHz the permittivity
of the sample is ɛ=14− j24, as indicated elsewhere [35], the skin
depth (δ) is 0.34 mm, σ is 71.2 S/m, ρ is 1000 kg/m3 and the
wavelength (λ) in the medium is 1.22 mm. A computing mesh of
Fig. 7. Movement and elongation of giant vesicle subjected to time-interrupted regime of exposure. In these sequences of images a part of the platinum wire is visible on the left-
bottom side, and it was used to draw the orthogonal axis along the vesicle. Light micrographs (phase contrast, Nikon camera) of the vesicle at 2 min (A) and 30 s (B) before to start
irradiation. The vesicle subjected to irradiation of 30 s (C), 1 min (D), 2 min (E), and 4 min (F). Micrograph taken 30 s (G) after irradiation was turned off. The same vesicle again
subjected to irradiation of 30 s (H), 1 min (I), 2 min (L).
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was adopted and a graded mesh between air and sample was created
by means of CST-MWS2008 mesh tools (Fig. 2C, D). The samplesFig. 8. Analysis of movement of vesicles subjected to time-interrupted regime of exposure. Th
calculated for three different preparations; anticlockwise rotation shown as positive, clockwi
angle α. The time indicated is directly related before and after ON/OFF irradiation conditioncontained in each cylinder of 15 mm in diameter and 5.659 mm in
height (Fig. 2A, B) were set as having 40mesh layers in themodel. SAR
average levels (SARAVG) are reported both for the whole sample ande angle described by the movement of vesicles along their major axis on an XYplanewas
se rotation as negative. Schematic drawing of the vesicle is givenwith indication for the
s.
Fig. 9.Movement of giant vesicle subjected to time-interrupted regime of exposure. In this sequence of images the vesicle was away from platinumwire. (A) A selection of the light
micrographs (phase contrast, Nikon camera) used to plot the movement of the vesicle, including the initial starting position and illustrating the measurement of X and Y
displacements. (B) The data points show the times in each period for which amicrographwas used tomeasure the bubble to vesicle XY displacement. (C) Plot of themovement of the
vesicle relative to its initial 0–0 starting point. Scale units are microns. Vesicle diameter was ∼20 μm. It should be noted that themethod used to measure the movement of the vesicle
is not capable of detecting or determining movements that might have occurred perpendicular to the light micrograph plane.
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elsewhere [36].
3. Results and discussion
3.1. Formation of giant vesicles
In a ﬁrst series of experiments we carefully checked if the
formation of giant vesicles was reproducible. In the case of lipid
deposition on platinum wires the population of vesicles formed wasnot monodisperse in size. However, at least 10 vesicles of diameters
50–90 μm (Fig. 3A) were present on each preparation. On the other
hand vesicles produced from spin-coated lipid ﬁlms (Fig. 3B) were
more abundant though with a smaller diameter (by a factor of two)
than the former ones.
It has been suggested that depending on the preparation
history every vesicle can have its own effective spontaneous
curvature leading to a variety of experimentally observable shapes
[26]. In our case non-spherical vesicles were present on some
preparations.
Fig. 10. Induced diffusion of ﬂuorescent di-8-ANEPPS on giant vesicle subjected to time-interrupted regime of exposure. di-8-ANEPPS=1.4 μM and egg-PC=∼1 μg. First line.
A sequence of images (ﬂuorescence mode, F-View II camera) of a vesicle located close to the platinum wire. (A) 30 s before irradiation was turned on. (B) 30 s after irradiation was
turned on, the diffusion of the dye is visible. (C) 1 min after irradiation turned on, similar diffusion appears. (D) 1 min after irradiation was turned off, the ﬂuorescence intensity is
recovered. Second line. A sequence of images (ﬂuorescence mode, F-View II camera) of a vesicle located far from the platinum wire. (E–H) At the same experimental conditions as
indicated in the former case (A–D).
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work, if the liquid suspensions containing giant vesicles were
maintained for more than 5 h, the vesicles did not grow further
neither did they collapse, indicating a good stability of vesicle
preparations, a prerequisite for successful investigation of the effects
induced by MMW radiation.
Finally, considerable attentionwas given to growing vesicles in the
absence of salts to avoid that changes of vesicle morphology were
dependent on the conductivity of the media. As mentioned before,
different morphological transitions between oblate, prolate and
spherical shapes of giant lipid vesicles have been reported that
depend primarily on the salt concentrations inside and outside the
vesicles [27].
3.2. Temperature measurements
To evaluate the heating effect of MMW irradiation, we carefully
measured temperature changes and temperature rise rates in the
liquid containing the vesicles. In Fig. 4 are reported the temperature
dynamics recorded from experiments relative to three different
positions of the thermocouple probe tip in the exposure chamber.
The temperature of sham and irradiated samples varied randomly
within 23.21±0.15 °C, possibly due to the variation of temperature in
the room, indicating that no signiﬁcant temperature elevation was
achieved during 10 min of irradiation.
Because most of the incident MMW energy is absorbed within the
ﬁrst few one-tenths of a millimeter in liquid media [37], temperature
gradients close to the irradiated surface can be high enough to produce
different types of convection process. To verify this assumption we
studied thebehaviorof temperature dynamics in a sample subjected to a
time-interrupted regime of exposure, positioning the thermocouple
probe tip in themost superﬁcial layer of the aqueous solution containingthe vesicles. In this case the average temperature elevation achieved
after 10 min of irradiation was 0.13±0.03 °C (Fig. 5).
However, it is important to note that remote temperature
recording using a thermo camera is practically the only way to obtain
correct surface-temperature dynamics data on the convection process
during MMW irradiation [37], as the presence of any type of sensor in
the liquid can perturb the MMW ﬁeld distribution [38]. In Fig. 6 is
shown a thermogram (A) of Chamber 1 during irradiation. The thermo
camera was connected to the computer and the temperature
dynamics during 5 min of irradiation is shown in Fig. 6B. During the
ﬁrst 5 s of irradiation, a spike of temperature rise of 0.4 °C was
observed (Fig. 6B). After that a drop of temperature rise toward values
close to room temperature was observed and constantly maintained
during the remaining exposure.
From overall results it appeared that MMW irradiation generated a
0.4 °C temperature elevation in the most superﬁcial layer of the liquid
containing the vesicles (skin depth δ=0.34 mm) in the ﬁrst few
seconds of irradiation. However the vesicles would be randomly
dispersed in the aqueous solution at different layers well below the
upper surface where heating was negligible.
3.3. Millimeter waves irradiation
In order to evaluate the effects of irradiation vesicles were selected
one at a time following the criteria that they were not connected to
others and did not have internal formations or visible protuberances,
as suggested elsewhere [39].
The effects of MMW fall into three distinct kinds: changes in
vesicle geometry, i.e. elongation, induced diffusion of ﬂuorescent dye
di-8-ANEPPS, and increased attraction between vesicles.
In more than six vesicle preparations formed using electroforma-
tion on platinum wires, we observed vesicles exhibiting elongation,
Fig. 11. Analysis of vesicles trajectory during sham and exposure conditions. Light
micrographs (phase contrast mode, F-View II camera) of vesicles from two different
samples (exposed into Chamber 2) were processed by means of an image analyzer free
software program (Braincells), which allows to track movements of manually selected
features on image sequences. The trajectory of the vesicles movement during overall
exposure experiment is depicted in different colors for each single vesicle. In both
samples the start point of the vesicle's path corresponds to the sham condition (no
irradiation). (A) Sample subjected to intermittent irradiation (MMW-on for 5 min–off
5 min-on 5min). (B) Sample subjected to a prolonged period of radiation (MMW-on for
10 min–off 1 min). Vesicles diameter was ranging from 15 to 25 μm.
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during irradiation. A typical example is shown in Fig. 7. In this
sequence of images, changes in the direction of the major axis of a
non-spherical vesicle are clearly shown. During a sham condition of
more than 10 min (not shown) no signiﬁcant perturbation of the
vesicle was observed. In the Fig. 7 is shown the vesicle at 2 min (A)
and 30 s (B) before irradiation was turned on. Surprisingly, in the ﬁrst
image, acquired 30 s after irradiationwas turned on, the vesicle began
to rotate (Fig. 7C) and elongate (Fig. 7D, E), reaching maximum
elongation after 4 min (Fig. 7F). Typically, 30 s after irradiation was
turned off, i.e. sham condition, the vesicle moved back to its initial
state (Fig. 7G). This sequence of events could be repeatedly observed
on the same vesicle (Fig. 7H–L), indicating that the effect occurs only
during irradiation, with the initiation of the lateral elongation
requiring a short time period, less than 1 min, to occur. Further, theinduced perturbation is not persistent; the elongation along the major
axis returns rapidly to its pre-irradiated position when the irradiation
is removed.
In order to quantitatively access the induced effect on the increase
in their length and the changes of their orientation angle the angle
described by the rotation of different vesicles, both non-spherical and
spherical, in the XY plane was calculated for three different prepara-
tions. A notable feature in the vesicle response dynamics is seen in the
ﬁrst seconds after the application of irradiation (Fig. 8, ON conditions).
Further, the similarity in the response times of elongation (Fig. 8, ON
conditions) and relaxation back (Fig. 8, OFF conditions) suggests that
theMMW induced effect has similar origins. It has been suggested that
physical changes, e.g., membrane lateral stretching, could be linked to
a change in hydration depth (polarity) of the lipid bilayer [40].
Similar effects were also observed in different vesicles located
farther away from the surface of the platinum wire. An example is
shown in Fig. 9. Post examination of the light micrographs from one
exposure sequence revealed the presence of a small bubble on the
glass of the exposure chamber (Fig. 9A). Thus it was possible to follow
the movement of a vesicle subjected to a time-interrupted regime of
exposure. Prior to the start of the ﬁrst irradiation period this bubble
was almost exactly centered on the vesicle. Using this as the initial
reference point it was possible to plot the movement of this vesicle
relative to the bubble by measuring, in X and Y co-ordinates, the
displacement between the centre of the bubble and the centre of the
vesicle (Fig. 9A). The measurement of X and Y was made on light
micrographs that had been taken at various times during the sham
and irradiation periods (Fig. 9B). The plot of the movement of this
vesicle is shown in Fig. 9C where it can be seen that the movement of
the vesicle is signiﬁcantly greater during irradiation periods than
during sham (no irradiation) periods.
The above results indicated that giant vesicles could exhibit
vibrational resonances at MMW frequency. It has been suggested
that for resonances to have an important effect on the biological
systems, a signiﬁcant energy transfer must be allowed during the
coupling with the electromagnetic ﬁeld [41]. Even if most systems do
not couple to the electromagnetic ﬁelds with sufﬁcient strength to
allow signiﬁcant energy transfers [41], in our case we believe the
action of MMW would be at the membrane–water interface where
charged and dipolar residues are located, i.e. the zwitterionic phos-
phocholine headgroup and/or water dipoles hydrating the membrane
surface.
To further investigate this assumption, we used the dye di-
8-ANEPPS that is sensitive to change of membrane dipole potential.
The latter arises from the alignment of water dipoles in the region
between the aqueous phase and the hydrocarbon interior of the
membrane [42]. The ﬂuorescence analyses were performed directly
under the microscope on three different vesicle preparations, a typical
example is shown in Fig. 10. 30 s after irradiation was turned on, a
sharp increase in the diffusion of the dye occurred, resulting in a
blurring of the vesicle edges (Fig. 10B). No further increase was
observed after a total 1 min of irradiation (Fig. 10C). It is particularly
interesting that, 1 min after irradiation was turned off, a recovery of
the ﬂuorescence to its initial intensity was observed (Fig. 10D). Similar
events were also observed in vesicles located farther away from the
surface of the platinum wire. 30 s after irradiation was turned on, a
sharp increase in the diffusion of the dye occurred (Fig.10F), and again
the ﬂuorescence intensity was recovered when irradiationwas turned
off (Fig. 10H). The momentary diffusion/motion of the dye inside the
membranemight be ascribed to the altered conﬁguration of the dye in
response to the MMW-induced reorientation of surrounding mole-
cules, i.e. the lipids and associated water molecules. In fact the
relationship between electronic redistribution of the dye and
molecular reorientation at the membrane–water interface has been
used to quantify the orientational polarizability of lipid membrane
surfaces, i.e. the polarizability due to molecular reorientation [43].
Fig. 12. Vesicle's attraction. Vesicles formed in 0.2 M sucrose and transferred in Chamber 2 containing 0.2 M glucose. Vesicles were diluted four-fold into glucose solution. Light
micrographs (phase contrast mode, F-View II camera) of vesicles obtained from four different preparations. (A, D, G, L): 30 s before irradiationwas turned on. (B, E, H, M): 2 min after
irradiation was turned on, adjacent vesicles began to be into close contact. (C, F, I, N): 1 min after irradiation was turned off, a relaxation back to their initial separated shapes was
always observed. Vesicles diameter was ranging from 15 to 25 μm.
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1506 A. Ramundo-Orlando et al. / Biochimica et Biophysica Acta 1788 (2009) 1497–1507The results of the above experiments were largely unexpected,
and, therefore, it was necessary to perform control experiments to
rule out artifacts, especially regarding the presence of conductive
material (platinum wires) in the exposure Chamber 1.
For this reason, on four different preparations, the vesicles
electroformed on ITO glass were gently transferred into Chamber 2,
which was used for subsequent exposure experiments. Again an
increase of movement of vesicles was observed. To determine if this
movement had a simple random nature, such as a Brownian motion,
or alternatively were vectorial the movement of selected vesicles on
light micrographs from exposure sequences was tracked using an
image analyzing software (Braincells). In Fig. 11 is shown the path
followed by each manually selected vesicle on micrographs acquired
during two different exposure regimes. In both samples the start point
of the vesicle's path corresponds to the sham condition (no
irradiation). When one sample was subjected to intermittent irradia-
tion (MMW-on for 5 min–off 5 min–on 5 min) no signiﬁcant increase
of the vesicle's movement resulted (Fig. 11A). When another sample
was subjected to a prolonged period of radiation (MMW-on for
10min–off 1 min) a considerable increase in themovement of vesicles
was evident (Fig. 11B). This data reveals that exposure time has a role
in themovement of vesicles, conﬁrming the switch on/off character of
theMMW-induced effects, and shows that themovement of vesicles is
not of a random nature.
Interestingly, an increase of attraction among vesicles was also
observed during irradiation. Typical examples are shown in Fig. 12.
Before applying the MMW radiation, the vesicles were spherical and
well separated for at least 10 min (Fig. 12A, D, G, L). 2 min after
irradiation was turned on, adjacent vesicles began to be into close
contact (Fig. 12B, E, H, M). The most frequently observed morphology
was two closely connected vesicles (Fig. 12B, M) or series of connectedFig.13. Computation results of the absorbed power distribution inside the aqueous sample. Th
for different layers where vesicles would be randomly dispersed in the aqueous sample. (A)
average levels (SARAVG) in all mesh layers of samples 1, 3 (blue dash line) and 2, 4 (red dot li
sample (z= 0); (D) local speciﬁc absorption rate (SAR) distribution in the middle mesh lavesicles (Fig. 12H). The membranes of two vesicles are brought close
enough to each other that a position of stable contact results. A similar
intermediate state has been shown in functionalized giant vesicles,
brought into adhesion by the mean of micromanipulation, to
reproduce the reduction of distance between membranes and to
trigger fusion in a model system [44]. The reduction of the distance
between two apposed bilayer membranes has been also induced by
direct dehydration [45]. However, in our case the inﬂuence of MMW
radiation was not sufﬁciently strong to allow membrane–membrane
adhesion to occur since, 1 min after irradiationwas turned off, vesicles
revert them to completely independent vesicles (Fig. 12C, F, I, N).
Similar observations demonstrating that short-term low power
MMW exposures, leading to an increase of lateral pressure of
phospholipid monolayer, do not induce a sufﬁciently strong effect to
produce disturbances in phospholipids microdomain organization
have been recently reported in literature [46].
In addition simulation data demonstrated that, as expected due to the
high conductivity of the water, the electric ﬁeld had its maximum inten-
sity on the surface of the sample (Fig. 13A). Similarly, the local speciﬁc
absorption rate (SARAVG) showed amaximumvalue of 0.48±0.05W/kg
(n=4) in coincidence of the upper layers of the sample (Fig. 13B).
Therefore, the vesicles, mostly located at the bottom of the observation
chamber, have been subject to SARAVG of 0.12±0.01W/kg (n=4)during
the exposure; this intensity was so low that it could not cause local
heating of the sample.
4. Conclusions
Giant vesicles as a cell-size system provide a very useful model
system for resolving the effect of electromagnetic ﬁelds on lipid
membranes. They allow for direct microscopy observation of mem-e electric ﬁeld amplitude (peak value) and the speciﬁc absorption rate (SAR) are shown
Local electric ﬁeld amplitude in the bottom mesh layer of the sample (z= 0); (B) SAR
ne); (C) local speciﬁc absorption rate (SAR) distribution in the bottommesh layer of the
yer of sample (z= 2.757 mm).
1507A. Ramundo-Orlando et al. / Biochimica et Biophysica Acta 1788 (2009) 1497–1507brane perturbations in the micrometer range. We examined the
behavior of giant vesicles subjected to 53.37 GHz radiation. The action
of the ﬁeld on charged and dipolar residues, located at the
membrane–water interface, we believe is the major factor determi-
ning the overall perturbation of the vesicles. The latter was fully
reversible and not dependent on thermal energy deposited on the
system by the MMW radiation.
However, further experimental and theoretical studies are needed
to increase our knowledge about the possibility to model an effective
coupling between MMW radiation and charged structures in aqueous
environments. We hope that this report provokes experimental work
in other laboratories to reproduce the observed effects.
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